Purpose: Despite the increasing popularity of 50-km ultramarathons during the last few years, only limited information is available regarding the trends in its performance and participation. The aim of the present study was to examine the age of peak running performance in female and male 50-km ultramarathoners using second-order nonlinear regression analyses. Methods: Data from 494,414 runners (124,045 women and 370,369 men) who finished a 50-km ultramarathon between 1975 to 2016 were analyzed. Results: When the top ten finishers in 1-year age-groups were analyzed, the age of peak running speed was 41 years in both women and men. When the fastest finishers in 1-year age-group intervals were analyzed, the age of peak running speed was 40 years in women and 39 years in men. Conclusion: In summary, the age of peak running speed in 50-km ultramarathoners is older than what has been reported by previous studies for marathons. Women seem to achieve the best race time in a 50-km ultramarathon later in life compared with men. These findings are of great practical value for coaches and fitness trainers when setting performance goals for 50-km ultramarathon runners.
Introduction
In competitive sports, each sports discipline seems to have its specific age of peak performance depending on the duration of the event. 1 For example, in long-distance running, the age of peak ultramarathon performance seems to increase with increasing race duration. 2 In long-distance running, such as marathon and ultramarathon running, the age of peak performance has been well investigated. Recent studies demonstrated that the relationship between age and running time was U-shaped. In marathon running, the age of the fastest race time ranges between 25 and 35 years, depending on the analysis (age-group intervals) and the nationality and performance level of the runners. [3] [4] [5] Whereas, in ultramarathon running, the age of the fastest athletes seems to be higher than in marathon running and has been investigated for 100-km running, 6 for 100-mile (161-km) running, 7 and running races held in hours and days. 2 It appears that the running performance in these ultramarathon events peaks above the age of 35 years. 2, [6] [7] [8] To the best of our knowledge, there is no information for the age of peak performance for the shortest ultramarathon race, such as the 50-km race distance, in men and women. Since many hundreds of thousands of runners participate in 50-km ultramarathons (http://statistik.d-u-v.org/index.php), such knowledge would be of great practical value for runners competing in this distance and for their coaches. Being aware of the age of peak performance can help coaches for planning and optimizing the preparation of their runners.
Therefore, the aim of the present study was to investigate the age of peak performance in female and male 50-km ultramarathoners. Since the distance of 50 km is very close to the marathon distance of 42.195 km, we hypothesized that the age of peak performance in a 50-km ultramarathon would be ~25-35 years and therefore younger than in a 100-km 6 and a 100-mile 7 ultramarathon due to the fact that the age of peak ultramarathon performance increases with increasing race duration. 2 Furthermore, a secondary aim was to examine the variation in the trends of performance and participation across calendar years in 50-km ultramarathons.
Materials and methods

Ethical approval
The Institutional Review Board of Kanton St. Gallen, Switzerland, approved all procedures used in this study with a waiver of the requirement for informed consent from the participants, given the fact that the study involved the analysis of publicly available data. This study was conducted in accordance with recognized ethical standards according to the Declaration of Helsinki adopted in 1964 and revised in 2013.
Methodology
All runners who finished a 50-km ultramarathon held worldwide were considered. All data were obtained from the website of Deutsche Ultramarathon Vereinigung, where all ultramarathons are recorded under http://statistik.d-u-v.org/.
We identified 494,414 runners (ie, 124,045 women and 370,369 men) who finished a 50-km ultramarathon between 1975 and 2016 after we excluded duplicate cases (ie, where runners were recorded both in the open race and in the championship race such as a European or a World Championship) and athletes with extreme scores (ie, average running speed <2.5 km/h or >30 km/h).
Statistical analysis
The acceptable type I error was set at p<0.05. Data were presented as mean ± SD. The linear and nonlinear regression analyses were performed by using GraphPad Prism Version 7.0 (GraphPad Software, Inc., La Jolla, CA, USA); all other statistical analyses were carried out by using IBM SPSS Version 23.0 (IBM Corporation, Armonk, NY, USA). The men-to-women ratio was calculated for the whole sample and each age-group. We examined the association of sex and age-group, ie, whether the men-to-women ratio varied by age-groups, using χ 2 and Cramer's ϕ (ϕ C ) to evaluate the magnitude of association. In addition, the association of sex and calendar year was examined. We used two approaches to classify the participants into age-groups: 1) 5-year groups from <20 to >84 years and 2) 1-year groups from 15 to 80 years. Furthermore, in each approach, we examined all runners, the top ten, and the single top finisher. A two-way analysis of variance (ANOVA) examined the main effects of sex, age-group, calendar year, and the sex × age-group and sex × calendar year interactions on race speed, followed by a Bonferroni post hoc analysis. The magnitude of differences in the ANOVA was evaluated by using partial η 2 as trivial (η 2 <0.01), small (0.01≤η 2 <0.06), moderate (0.06≤η 2 <0.14), and large (η 2 ≥0.14). 12 The abovementioned ANOVA was run twice, one considering all finishers and one considering only the top ten runners. The age with the fastest race time considering age-groups in 1-year and 5-year age intervals was calculated using a nonlinear regression model with a second-order (quadratic) polynomial function (y=ax ). We determined the age with the fastest speed both for the fastest women and men and for all women and men in 1-year and 5-year age intervals.
Results
Participation trends
For both women (Table 1) and men (Table 2) , participation increased in all age-groups across calendar years.
Sex difference in running speed
For all finishers, we found a small main effect of sex on running speed (p<0.001, η 2 =0.011), where men were faster by +7.5% than women (8.35±2.26 km/h vs 7.77±1.91 km/h, respectively). For the top ten finishers, we found a medium main effect of sex on running speed (p<0.001, η 2 =0.116), where men were faster by +16.6% than women (14.29±2.82 km/h vs 12.25±2.89 km/h, respectively). That is, the magnitude of the sex difference was larger when the top ten finishers were considered rather than all finishers.
Performance trends across years
Considering the trend in running speed across calendar years, we found in 50 km a small main effect of calendar year on running speed (p<0.001, η 
Finishers by age-group
Most finishers were recorded for both women and men in the age-group of 40-44 years ( Figure 2 ). The total men-towomen ratio was 4.13. A sex × age-group association was found (χ 2 =3010.482, p<0.001, ϕ=0.083) with the smallest men-to-women ratio in the 25-29 age-group (2.45) and the largest in the >84 age-group (11.00; Figure 2) . A sex × calendar year association was observed (χ 2 =1947.963, p<0.001, ϕ=0.067) with the men-to-women ratio being >30 before 1981 and being the lowest in 2016 (2.58).
Running speed by age-groups
When all finishers were considered in 5-year age-groups, a small main effect of age-group on running speed was observed (p<0.001, η 2 =0.014) with older runners being slower than their younger counterparts ( Figure 3 ). In addition, <0.001) with the sex difference being smaller in the older age-groups than in the younger agegroups. When the top ten finishers by 5-year age-groups were considered, a large main effect of age-group on running speed was found (p<0.001, η 2 =0.949; Figure 4 ). Moreover, a large sex × age-group interaction on running speed was observed (p<0.001, η 2 =0.324). That is, the main effect of age-group and the sex × age-group interaction on running speed had larger magnitude when the top ten finishers were considered compared with all finishers. When all finishers were considered in 1-year age-group intervals, a small main effect of age-group on running speed was observed (p<0.001, η 2 =0.014; Figure 5 ). In addition, a trivial sex × age-group interaction on running speed was shown (p<0.001, η 2 =0.001). When the top ten finishers by 1-year age-group intervals were considered, a large main effect of age-group on running speed was found (p<0.001, η 2 =0.926; Figure 6 ). Furthermore, a large sex × age-group interaction on running speed was observed (p<0.001, η 2 =0.194). The main effect of 1975 0  0  1  1  0  1  0  0  0  0  0  0  0  0  0  3  1977 2  4  13  15  26  14  3  1  0  0  0  0  0  0  0  78  1978 3  22  29  30  52  45  13  1  2  1  0  0  0  0  0  198  1979 4  24  34  25  54  53  14  4  1  1  0  0  0  0  0  214  1980 10  21  29  21  39  40 
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Age of peak performance in ultramarathoners age-group and the sex × age-group interaction on running speed had larger magnitude when the top ten finishers were considered compared with all finishers, as it has been found in the analysis using 5-year age-groups.
Age by sex and calendar year
Men (43.2±10.2 years) were older than women (41.4±9.4 years; p<0.001; Figure 7 ). The age of finishers of both sexes increased through time (Figure 8 
Age of peak running speed
Considering all finishers in 5-year age-groups, the age of peak running speed was 35-39 years in women and 30-34 years in men ( Figure 3 ; Table 3 ). Considering the top 10 finishers in Age-group (years) < 2 0 2 0 - 2 4 2 5 -2 9 3 0 -3 4 3 5 -3 9 4 0 -4 4 4 5 -4 9 5 0 -5 4 5 5 -5 9 6 0 -6 4 6 5 -6 9 7 0 -7 4 7 5 -7 9 8 
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Nikolaidis and Knechtle 5-year age-groups, the age of peak running speed was 35-39 years in women and 35-39 years in men ( Figure 4 ; Table 3 ). Considering all finishers in 1-year age-groups, the age of peak running speed was 36 years in women and 31 years in men ( Figure 5 ; Table 4 ). Considering the top ten finishers in 1-year age-groups, the age of peak running speed was 41 years in both women and men ( Figure 6 ; Table 4 ). When the single top finishers were examined in 1-year age-groups, the age of peak running speed was 40 years in women and 39 years in men ( Figure 9 ; Table 4 ).
Discussion
The purpose of this study was to investigate the age of peak ultramarathon performance in the 50-km race distance. The main finding of the present study was that the fastest 50-km ultramarathon race time is expected to be achieved at an older age compared with the marathon, and women seem to be older when achieving their best race time. The age of peak running performance varied depending upon whether all finishers, the top ten finishers, or the fastest finishers (in 1-year or 5-year age-group intervals) were considered: 1) when the top ten were considered in 5-year age-groups, the fastest runners were at the age of ~35-39 years; 2) when all finishers were considered, the age of peak running speed was 30-39 years; 3) when all finishers were considered in 1-year age-group intervals, the age of peak running speed was 36 years in women and 31 years in men; 4) when the 
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Age of peak performance in ultramarathoners top ten finishers in 1-year age-groups were analyzed, the age of peak running speed was 41 years in both women and men; and 5) when the fastest in 1-year age-group intervals were analyzed, the age of peak running speed was 40 years in women and 39 years in men. Lara et al 9 showed for elite marathoners that the fastest race time was obtained at 27 years in men and at 29 years in women. When the relationship between elite marathon race times and age in 1-year intervals by using the world single age records in marathon running from 5 to 93 years was analyzed, elite marathon race times improved from 5 to ~20 years, remained linear between ~20 and ~35 years, and started to increase at the age of ~35 years in a curvilinear manner with increasing age in both women and men. 10 In addition, Lehto 11 showed recently that a second-order (nonlinear) polynomial with y=a+bx+cx 2 best described the age-related changes in performance in recreational male marathoners competing in the Stockholm Marathon. Lehto 11 found that the age of peak marathon performance was ~34 years when both all runners and the fastest runners in 1-year age intervals were analyzed. Unfortunately, only male runners were investigated.
Potential explanations for the older age of peak running speed in 50-km ultramarathoners than expected could be the trend across calendar years, where an increased age of finishers has been observed. The increase in age in peak ultramarathon performance appears typical for this sports discipline. When the age of runners competing in time-limited ultramarathons held from 6 hours to 10 days during 1975-2013 was analyzed, the age of peak performance increased across calendar years. 2 The increase in the age of peak performance has also been reported for elite Ironman triathletes competing in the "Ironman Hawaii." When the changes in the age and performances of the annual top ten women and men competing at the Ironman World Championship, the "Ironman Hawaii", from 1983 to 2012 were analyzed, the age of annual top ten female and male triathletes increased over the last three decades while their performances improved. 13 In the present ultramarathoners, the fact that performance did not improve should be attributed to the concurrent increase in participation rates. In addition, the older age of peak performance in ultramarathoners compared with marathoners might reflect the corresponding older age of finishers in ultramarathons. For instance, Rust et al 14 showed that ultramarathoners were older by 3 years than marathoners. An approach of ultramarathoners in selecting a distance to run is to aim at longer distances than that already covered in the past; thus, ultramarathoners are more experienced than marathoners. For instance, a comparative study reported 34 and 12 completed marathons for ultramarathon and marathoners, respectively. 14 In addition, we observed a trend that women were generally older than men when achieving their fastest race times. These results confirm recent findings of Hoffman 15 in retrospective data analysis from 1977 through 2008 in 161-km ultramarathoners, which showed that the fastest race times were achieved by athletes in the age-group of 30-39 years in men and in 40-49 years in women. The sex difference in the age of peak performance might be attributed to the 
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Nikolaidis and Knechtle variation in participation rates by age-groups, where a trend of relatively less women participating in the older groups was observed; thus, it might be assumed that the older women are more "selected" compared with the men of their age and perform relatively better compared with men inducing a swift of the race speed-age curve to the right. In our study, the mean age of all men competing in 50-km ultramarathon race was older than the mean age of all women (43.2±10.2 vs 41.4±9.4 years), which was in accordance with age-related differences in the men-to-women ratio. The men-to-women ratio started to increase at about the age of 50 years; therefore, relatively more men competed in the older age-groups compared with women. The younger mean age of women, compared with men, should be mostly due to sociological factors, such as the delayed participation of women in this sport for the first time (1977 in women vs 1975 in men). The lower rates of women participation in 50-km ultramarathon race are in agreement with studies examining sex differences in sports participation and are associated with sex differences in motivation, 16 which may have their origin in childhood, 17 adolescence, 18 and young adulthood. 19 The age of peak performance in 50-km ultramarathon race in the present study varied depending on the applied methodological approaches; that is, whether all, the top ten, or the fastest finishers were considered or whether the finishers were classified in 1-or 5-year age-group intervals. It should be highlighted that all approaches are useful; however, they have certain advantages and disadvantages. For instance, considering the top ten finishers results in well-fitted modeling of the relationship between performance and age (0.91≤R 2 ≤0.96, 5-year age interval, Table 1; 0.72≤R 2 ≤0.84, 1-year age interval, Table 2 ), whereas when all finishers are considered the modeling is weaker (0.02≤R 2 ≤0.04, 5-year age interval, Table 1 ; 0.02≤R 2 ≤0.04, 1-year age interval). The discrepancy between the two methodological approaches indicates that considering the top runners by age-group is more appropriate to study the relationship between performance and age. Furthermore, the analysis of top runners instead of all runners resulted in larger sex difference in performance (16.6% vs 7.5%, respectively). These differences partially reflect the higher scores of VO 2max in men (eg, +9.3% in elite marathon runners 20 ), which highlights that elite women runners are expected to reduce the gap to men in the future.
The ages of peak performance in the 50-km ultramarathon race may be affected by the number of participants in each age-group. Most finishers in ultramarathon races were recorded in the age-group of 40-44 years for both women and men. The reasons for greater participation in this agegroup are not clear. When the demographic characteristics of 161-km ultramarathoners were investigated, the mean age of 489 runners was 44.5±9.8 years, and the runners were generally men (80.2%), were married (70.1%), and had bachelor's (43.6%) or graduate (37.2%) degrees. 21 With regard to the limitations of the present study, it should be highlighted that the age of peak performance varies by distance in ultramarathons; thus, caution is needed when generalizing the findings in these 50-km ultramarathons to other distances. On the other hand, the strength of the study is the very large number of finishers who were analyzed, which allows drawing safe conclusions about the estimation of the age of peak performance. These findings are of both theoretical and practical values. From a theoretical point of view, we observed that the age of peak performance in 50 km is older than the age of peak aerobic capacity, which suggests that a good aerobic capacity is not "transformed" into performance. From a practical perspective, coaches and fitness trainers working with runners competing in this distance might benefit from the knowledge of the age of peak performance, as this will assist them to design long-term training strategies and to set age-tailored goals for athletes participating in ultramarathon races.
